Mercury (Hg) is a highly toxic substance; 1,2 it is very difficult to degrade, and easy to accumulate in crops and soil. 3, 4 Mercury is introduced into the human body through the food chain, the accumulation of mercury in the body can lead to chronic poisoning, which is a serious threat to human survival and health. 5, 6 Since mercury is one of the essential detection items in environmental monitoring, so the quantitative detection of mercury has very important significance.
Introduction
A highly sensitive and selective fluorescence method of quantitative detection for mercury in soil was developed using non-labeled molecular beacon (MB), single-stranded nucleic acid (ssDNA) and fluorescent dye Hoechst 33258. In this analytical method, the loop of MB was designed to be a sequence that was complementary to the ssDNA with multiple T-T mismatches, the stem of MB was completely designed as C-G base pairs, and both ends of the MB are not modified by any fluorophore and quencher. In the absence of Hg 2+ , the interaction between Hoechst 33258 and the MB was very weak, and the fluorescence signal of Hoechst 33258 was very low. In the presence of Hg 2+ , the MB and ssDNA with multiple T-T mismatches formed a double-stranded nucleic acid (dsDNA) via the T-Hg 2+ -T coordination structure which provided binding sites for Hoechst 33258. Then Hoechst 33258 binded to A-T base pairs of dsDNA, and the fluorescence intensity of Hoechst 33258 was significantly enhanced. Thus, a highly sensitive fluorescence quantitative detection method for Hg 2+ can be realized. In this strategy, the optimal determination conditions for Hg 2+ were a buffer solution pH of 8.2, an incubated temperature of 50 C, an incubated time of 5 min and NaCl of 60 mmol L -1 . Under the optimum conditions, the fluorescence intensity of Hoechst 33258 exhibited a good linear dependence on the concentration of Hg 2+ in the range of 5 × 10 -9 -400 × 10 -9 mol L -1 . The fitted regression equation was ΔI = 2.1084C -8.9587 with a correlation coefficient of 0.9943 (R 2 ), and the detection limit of this method was 3 × 10 -9 mol L -1 (3σ). The proposed method had a high selection; the common substances in soil such as Ca 2+ 
, NH4
+ and S 2-had no interference to the detection of mercury. The proposed method had a high accuracy, and it was applied to detect mercury of ten different types of soil; the recoveries were 97.65 -103.22%. In addition, the proposed method had a low background emission, fast detection speed and low detection cost. 
Original Papers
The traditional molecular beacon is an oligonucleotide probe with a fluorophore and a quencher connected to two ends of hairpins; it has been widely applied in many fields. [16] [17] [18] [19] [20] [21] However, the traditional molecular beacon requires modified fluorophore and quencher groups at both ends of the oligonucleotide, which leads to the long preparation time and high detection cost. 22 Hoechst 33258 is a weakly fluorescent unsymmetrical cyanine acid dye. The fluorescence of Hoechst 33258 is very weak in an aqueous solution or a single-stranded DNA solution. 23 However, the fluorescence signals will be greatly enhanced when Hoechst 33258 binds to the A-T base pair of dsDNA. 24 Thymine (T) has been demonstrated to be an excellent ligand for Hg 2+ that can form a T-Hg
2+
-T complex with such qualities as strong affinity and high selectivity. 25, 26 To date, many methods based on the T-Hg 2+ -T coordination structure have been developed and realized the detection of high sensitivity to mercury. [27] [28] [29] [30] [31] [32] Unfortunately, there are many disadvantages in these reported detection methods for mercury. One is the probes of some detetion methods need to be modified, and the detection cost is very high; 25, 27, 31, 32 the second is that some detetion methods have high background fluorescence, and the binding stability between nucleic acid dyes and dsDNA is poor; 26, 28 the third is some analysis methods have introduced a large size of the nanoparticles. This makes the preparation time of probes to be very long; also the detection cost is very high and detection stability is relatively poor. 30 In order to obtain a quantitative analysis method for mercury with faster detection speed, better detection stability and lower detection cost, we have developed a highly sensitive and selective fluorescence method for the quantitative detection of mercury in soil based on MB, ssDNA and fluorescent dye Hoechst 33258. In this analytical method, the loop of MB was designed to be a sequence that was complementary to the ssDNA with multiple T-T mismatches, the stem of MB was completely designed as C-G base pairs, and both ends of the MB are not modified by the fluorophore and the quencher. In the absence of Hg 2+ , the interaction between Hoechst 33258 and the MB was very weak, and the fluorescence signal of Hoechst 33258 was very weak. In the presence of Hg 2+ , the MB and ssDNA with T-T multiple mismatches formed dsDNA via the T-Hg 2+ -T coordination structure; then, Hoechst 33258 binded to A-T base pairs of dsDNA, and the fluorescence intensity of Hoechst 33258 was significantly enhanced. Thus, a highly sensitive fluorescence quantitative detection method for Hg 2+ can be realized.
Compared with those reported detection methods for mercury based on T-Hg 2+ -T, this proposed method has three major advantages. First, the detection speed is very fast and the detection cost is low. The proposed analytical method utilizes the fluorescence signal of Hoechst 33258 to achieve the quantitative detection of mercury, the formation speed of dsDNA between the MB and ssDNA with T-T mismatches and the binding speed between fluorescent dye Hoechst 33258 and dsDNA are all very fast. Thus the detection speed of the sample is fast. MBs are not modified by the fluorophore and the quencher, so its synthesis is easy and the price is inexpensive. In addition, Because Hoechst 33258 is a common fluorescent dye and the cost is very low, the detection cost of this method is very low. Second, the background emission of the proposed method is very low because the stem of MB was completely designed as C-G base pairs, and Hoechst 33258 can not bind to the C-G base pair of dsDNA, which helps to increase the signalto-background ratio, and to improve the detection sensitivity of the analytical method. Third, the stability of this method is very excellent because the binding stability between Hoechst 33258 and dsDNA is very good.
Experimental

Apparatus and reagents
Fluorescence spectra data are collected with an RF-5301PC fluorescence spectrophotometer (Shimadzu, Tokyo, Japan). An Ethos Plus microwave digestion system (Milestone) was used to digest soil samples. An AFS-9561 atomic fluorescence spectrophotometer (Haiguang, China) was used to measure the fluorescence signal of the system.
Hoechst 33258 was purchased from Fan-Bo Biochemical Co., Ltd. (China). The other chemical reagents are all analytical reagent grades, and purchased from Sinopharm Chemical Reagent Co. (China). Tris-HCl buffer solution (Tris) was prepared using 0.1 mol L -1 Tris and 0.1 mol L -1 HCl. MB and ssDNA were synthesized and HPLC purified by Sangon Biotechnology Co., Ltd (Shanghai, China) and had the following sequences:
MB: 5′-GGGCCC ACGTGTCTGCTCAGCGTCTGACTGTCA GGGCCC-3′ ssDNA with T-T mismatches (C): 5′-TGACTGTCAGTCGCTG-TGCAGACTCGT-3′
Collection and preparation of soil samples
Ten different types of soil samples were collected (Table 1) , which were used to verify the established method. Soil samples were digested using an Ethos Plus microwave digestion system. After 1.0 g of soil sample was placed in digestion tank, 6 mL of concentrated HNO3 and 4 mL of 30% H2O2 were added. The digestion tank was heated in a microwave oven at 140 C for 25 min, then to 160 C for 30 min, and further heated to 180 C for 30 min. The digested soil sample was cooled to room temperature, and then diluted by 1% HNO3 to a final volume of 25 mL in a flask. , and the concentration of Hg 2+ is 3.6 × 10 -6 mol L -1 . The detection of Hg 2+ is done by measuring the fluorescence signal of Hoechst 33258. The excitation wavelength and the emission wavelength were set to 346 and 460 nm, respectively; and the spectrometer slits of excitation and emission were all set at 10 nm.
Procedure for sample preparation and Hg
Spike and recovery experiments
1000 μg kg -1 of Hg 2+ (Hg(NO3)2) were respectively added in different soil samples, and then were digested according to the above method. Concentrations of mercury in different samples were detected by the proposed method, and the recoveries in different soil samples were obtained.
Results and Discussion
The detection principle for Hg 2+ 
and the feasibility of analytical method
The detection principle for Hg 2+ based on non-labeled molecular beacon (MB), single-stranded nucleic acid (ssDNA) and fluorescent dye Hoechst 33258 is depicted in Fig. 1 . In the absence of Hg 2+ , MB and ssDNA can not form dsDNA because there were multiple T-T mismatches between the loop of MB and ssDNA. Therefore the interaction between Hoechst 33258 and the MB was very weak, and the fluorescence signal of Hoechst 33258 was very low. But in the presence of Hg 2+ , the MB and ssDNA with T-T mismatches formed dsDNA via T-Hg 2+ -T coordination structure, then Hoechst 33258 binded to A-T base pairs of dsDNA, the fluorescence intensity of Hoechst 33258 was significantly enhanced. Thus, a highly sensitive fluorescence quantitative detection method for Hg 2+ can be realized according to the enhancement degree of fluorescence of Hoechst 33258. Figure 2 showed the corresponding fluorescence spectrum of different concentration of Hg
2+
, the fluorescence signals of Hoechst 33258 and the blank sample (MB + ssDNA + Hoechst 33258) were all very weak (Fig. 2, curve a, b) . In the presence of Hg 2+ , the MBs and ssDNA with T-T mismatches formed double-stranded DNA (dsDNA) via the T-Hg 2+ -T coordination structure, and the fluorescence signal of system was significantly enhanced. In addition, the fluorescence intensities of the different system have significant difference in various concentrations of Hg 2+ (Fig. 2, curve c, d ). This showed that the analytical method was feasible.
Optimization of pH
A Tris-HCl buffer solution was selected to study the effect of different pH values on the measurement results. The pH of the buffer solution can not only affect the hybridization effect between MB and ssDNA with T-T mismatches, but can also directly affect the fluorescence intensities of Hoechst 33258. A too high or too low pH is not favorable for hybridization between MB and ssDNA with T-T mismatches via the T-Hg 2+ -T coordination structure. In order to obtain the most suitable pH of the buffer solution, 6 different pHs of the Tris-HCl buffer solution were investigated in this study. The result (Fig. S1) showed that the fluorescence intensity of the system increased with increasing the pH of buffer solution from 7.0 to 8.2 and then decreasing slowly. The reason might be that the effect of the pH on DNA hybridization should be better in a slightly alkaline solution. 
Optimization of incubated temperature
In this experiment, the free MB are in the stem-loop state; the speed of hybridization reaction between MB and ssDNA with T-T mismatches via T-Hg 2+ -T coordination structure is very slow at room temperature due to the existence of the stem of MB. Thus the purpose of the incubation was to melt the stem complementary portion of the MBs and to accelerate the formation speed of dsDNA. When the system was cooled, the MB and ssDNA with T-T mismatches formed double-stranded DNA (dsDNA) via the T-Hg 2+ -T coordination structure. The most suitable incubation temperature was investigated at 5 min of incubation time in this experiment. The result (Fig. S2) showed that the fluorescence intensity of the system increased with increasing incubation temperature from 30 to 50 C and then leveled off from 50 to 70 C. This indicated that the stem of MB can be completely opened at 50 C, which is closed to the melting temperature (Tm) of the stem of MB (48 C). Therefore, an incubation temperature of 50 C was selected in this study.
Optimization of incubated time
The incubation time is the time to open the stem of MB. The incubation time was investigated at 50 C (incubation temperature) in this experiment. The result (Fig. S3) showed that the fluorescence intensity of the system increased with increasing incubated time from 1 to 5 min. When the incubation time exceeded 5 min, the fluorescence intensity of the system almost did not change. This indicated that the stem of MB can be completely opened in 5 min. Therefore, the incubated time of 5 min was selected in this study.
Optimization of ionic strength
A cation can neutralize the charge of the DNA molecule, and decrease the electrostatic repulsion of DNA molecules; the abating of electrostatic repulsion can accelerate the DNA hybridization reaction. Thus, a high ionic strength is beneficial for the formation of dsDNA in a certain concentration range. In this study, we investigated the effect of the ionic strength on the hybridization reaction of MB and ssDNA with T-T mismatches by the addition of NaCl. The result (Fig. S4) showed that the fluorescence intensity of system increased with increasing the concentration of NaCl from 20 to 60 mmol L -1 , and then decreased slowly from 60 to 100 mmol L -1 . This is mainly due to the high concentration of the chloride ion, which can quench the fluorescence of fluorescent dye. 33 Thus, 60 mmol L -1 of NaCl was selected in this study.
The linear correlation and the detection limit
Under the optimum conditions, the relationship between the fluorescence intensity of Hoechst 33258 at 460 nm (ΔI = I -I0, I0 and I are fluorescence intensities in the absence and presence of Hg
2+
, respectively) and the concentration of Hg 2+ (C) was investigated in this study. Figure 3 shows that the fluorescence intensity of Hoechst 33258 exhibited a good linear dependence on the Hg 2+ concentration in the range over 5 × 10 -9 -400 × 10 -9 mol L -1 . The fitted regression equation was ΔI = 2.1084C -8.9587 (R 2 = 0.9943). The detection limit (3σ, n = 9) of Hg 2+ was estimated to be 3 × 10 -9 mol L -1 . A series of parallel experiments (n = 9) for 4 × 10 -8 mol L -1 of Hg 2+ were used to estimate the precision, and the relative standard deviation (RSD) was 4.23%. Results indicated that the proposed method had a good precision.
Interference experiments
According to the procedure for preparing a sample, the interference of common substances such as Ca 2+ -7 mol L -1 of Hg 2+ and 3.6 × 10 -4 mol L -1 of interference ions were used to perform the reactions according to the procedure of sample preparation, and the corresponding fluorescence intensities of different substances were measured, respectively. The results of the interference experiments shows that the fluorescence intensity of Hg 2+ was still far greater than that of the other common interference ions, even if the quantities of other common interference ions were 1000 times higher than those of Hg 2+ , which indicated that the proposed method has an excellent selectivity for detection of Hg 2+ in soil.
Detection of Hg 2+ in soil and the spiking experiments Ten different types of soil samples were digested; the amount of mercury was detected by atomic fluorescence spectrometry (AFS) and the proposed analytical method, respectively. The detection results (Table 2) showed that the two methods had no obvious difference. In addition, 1000 μg kg -1 of Hg 2+ (Hg(NO3)2) were respectively added in 10 different types of soil samples, and the amounts of mercury in different samples were detected by the proposed method; the recoveries of different soil samples were obtained ( Table 2) .
The results show the recoveries of spiked samples were 97.65 -103.22%. These indicated that the proposed analytical method had a high accuracy. 
